Abstract: A trans-rectal optical tomography applicator for imaging human prostate is being developed. The optical applicator that contains 9 source and 13 detector channels is coupled to a bi-plane trans-rectal ultrasound probe with needle-biopsy assembly. 
Introduction
Prostate cancer is the leading cause of death in American men. Since its introduction [1, 2] , trans-rectal ultrasound (TRUS) guided biopsy has evolved to become a standard procedure used in prostate cancer diagnosis when indicated by elevated serum prostate-specific antigen (PSA) levels or abnormal digital rectal examination (DRE). However, TRUS of the prostate has limitations. The ultrasonographic finding of the classic hypoechoic peripheral zone lesion has a sensitivity of 85.5%, specificity of 28.4%, positive predictive value of 29%, negative predictive value of 85.2% and overall accuracy of 43% [3] in prostate cancer detection. The prevalence of isoechoic or nearly invisible prostate cancers visualized with TRUS ranges from 25 to 42% [4] . As a result, the overall cancer detection rates for patients undergoing repeat prostate needle biopsy with various biopsy templates range from 10% -38% [5] . Improving the cancer detection rate using TRUS-guided biopsy requires TRUS imaging be augmented or aided with a potentially pathognomonic indicator of prostate cancer development that can be detected non-invasively.
Recently there have been several approaches utilizing endogenous [6] or exogenous [7] near-infrared (NIR) absorption of the tissue to assist detecting prostate cancer. Optical deep-tissue imaging is potentially more sensitive and specific for cancer detection; however, optical deep-tissue imaging is typically limited in the spatial resolution and the time needed for image formation due to the reconstruction process. It is therefore imperative to give optical deep-tissue imaging a real-time positioning guidance, which for prostate imaging is most conveniently rendered by TRUS. We have developed a trans-rectal NIR optical tomography probe coupled to a veterinary TRUS transducer, and with which the development of a transmissible venereal tumor (TVT) within the canine prostate was detected in vivo [8] . In that study, it was found that the tumor progression was associated with significant elevation of the NIR absorption earlier in the tumor development, and heterogeneous/moderate elevation of NIR reduced scattering that was resolved later than the NIR absorption. Using the optical information, specifically the NIR absorption, the tumor development was identified at 2-weeks post-injection. In comparison, a positive indication of the TVT tumor at 2-week post-injection could not be reached based only upon the ultrasonography information.
It is well-established that tumor angiogenesis [9] causes elevated absorption of NIR light in the cancer foci [10] . The histology of the TVT that we harvested in the canine prostate also revealed characteristics such as higher and homogenous cell density, large hyperchromatic nuclei, single conspicuous nucleoli, etc. [11] . In addition to the angiogenesis process, the denser and larger changes of cellular and sub-celluar morphology, which result in increased attenuation cross-section of NIR light, could also have contributed to the elevated contrast of TVT tumors as revealed by trans-rectal optical tomography. The angiogenesis, increased cellular density and enlarged subcellular organelle are also characteristic to high-grade or more aggressive human prostate adenocarcinoma; therefore information such as elevated optical absorption may provide additional information for detecting prostate cancer.
Although the potential importance of using optical information to non-invasively detect prostate cancer has been appreciated over a decade [12, 13] , no such approach to date has been demonstrated on intact human prostate in vivo. Capitalized on our experience of developing trans-rectal NIR applicator and imager for coupling with a veterinary ALOKA trans-rectal ultrasound unit, we are developing a human-imaging trans-rectal optical tomography applicator that integrates with widely used B-K ultrasound transducer equipped with biopsy-guide used for systematic biopsy of the prostate gland. The objective of this study is to develop the capability of imaging human-prostate by a dualmodality approach integrating trans-rectal NIR optical tomography and ultrasonography.
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Materials and Methods

B-K bi-plane TRUS probe to which the NIR applicator is coupled
The 8808 B-K bi-plane TRUS probe with biopsy-guide attached is shown in Fig. 1 . Type 8808 is a bi-plane transducer designed for use with B-K Medical's 2100 series and the 2202 and 2400 ultrasound scanners. It has two convex arrays, one for transverse scanning and one for sagittal scanning. It has a dynamic focus extension of 5 to 50mm in both planes and a sector angle of 127°. The transducer transmits at 6, 8, and 10MHz. It can be used for tissue harmonic imaging with the 2102 EXL, 2202 and 2400 scanners. The 8808 is particularly useful for transrectal puncture. A small section of the transducer is removed and a biopsy channel bracket with needle guide is inserted in its place for biopsy procedure. The needle guide is available for 18-gauge needle. 
Design and fabrication process of the NIR applicator for coupling to B-K 8808 TRUS probe
A NIR applicator for coupling to 8808 B-K probe is under development. The endo-rectal application leaves limited options as to what can be done to the NIR applicator designs. There has to be a window clear for the TRUS transducers, and there has to be a relatively longitudinal NIR array to allow co-parallel imaging into deeper tissue. The CAD design of this human-imaging NIR probe is shown in Fig. 2 (a) and (b) . The longitudinal NIR source array and detector array are placed lateral to the TRUS probe. This NIR array geometry allows imaging a tissue volume that is dissected by the sagittal TRUS imaging plane. The left-lateral NIR array will integrate 9 fibers, spaced 10mm longitudinally, as the source channels. The right-lateral NIR array will integrate 13 fibers, spaced 7.07mm longitudinally, as the detection channels. This NIR probe has a tapered distal surface, where several NIR optodes are placed, to accommodate the contour of the human rectum. The substrate of the NIR applicator has been fabricated using a 3-dimensional printing device (Dimension Inc., Eden Prairie, MN). Metal-coated fibers of 600um corediameter and 740um coating-diameter (Oxford Electronics Inc, UK) will be used as the optodes. The fibers are to be placed in the guiding holes that are tilted 45° with respect to the axis of the trans-rectal probe. The fibers will be polished, inserted to the fiber-guiding holes, bended around the probe substrate, and secured with optical epoxy. 3 On-going and future works and consideration of the design of the NIR detection system It is expected that imaging human prostate will be more challenging than imaging canine prostate. This is due to the larger size and potentially higher absorption of human prostatic tissue compared with that of canine prostate. Our previous NIR probe for canine imaging has a 6cm long NIR array (7 sources and 7 detectors) to image up to 3cm deep in canine prostate. This new probe has a 8cm-long NIR array, centered by the sagittal US transducer, for imaging up to 4cm deep in human prostate. We expect that the NIR signal dynamic range of human prostate could be much greater than that measured in canine prostate, which had been manageable using a 16-bit CCD (48dB). We plan to split the 13 detection channels to one group of 7 and one group of 6, and use two 16-bit CCD detectors to acquire the data simultaneously. This renders an overall 96dB dynamic range that will be sufficient for these initial studies. The image reconstruction algorithm will be modified from the previous geometry of 7x7 source-detector pairs over a longitudinal dimension of 6cm [13] , to the new geometry of having 9x13 source-detector pairs distributed over a longitudinal dimension of 8cm that also has a tapered distal surface.
Once the system is developed, the future works also include calibration of the position of a target on NIR image with respect to that acquired by the transverse and sagittal ultrasound. The calibration is more complicated than the previous NIR/US probe for canine imaging, because the human-imaging B-K sagittal US has a sectorimaging geometry, and the field-of-view of the transverse US is not orthogonal to that of sagittal US. 
